Abstract Recent studies have shown that block wnt/ b-catenin signaling pathway is integrant for cardiomyocytes differentiation from bone marrow mesenchymal stem cells (MSCs). By transducing the MSCs with lentivirus which contain b-catenin interference RNA, we screened out the non b-catenin expression clone. In the establishment of knockdown b-catenin in MSCs, we investigated the role of 5-azacytidine (5-aza), salvianolic acid B (salB), and cardiomyocytes lysis medium (CLM) in inducing MSCs to differentiate into cardiomyocyte-like cells. A method for culturing MSCs and cardiomyocytes was established. Purified MSCs were investigated by flow cytometry. The MSCs were positive for CD90 and CD29, but negative for CD34 and CD45. Meanwhile, the cardiomyocytes contracted spontaneously after 24 h of seeding into the plates. The fourth-passage non-b-catenin expression MSCs were divided into eight groups: control group, 5-aza, salB, CLM, 5-aza ? salB, 5-aza ? CLM, salB ? CLM, and 5-aza ? salB ? CLM. The gene and protein expression of cTnT, a-actin, b-myosin, b-catenin, and GSK-3b were detected by quantitative real-time PCR and Western blotting. Our results showed that cTnT expression in 5-aza ? salB ? CLM group was ninefold higher than in the control group in the non-b-catenin MSCs model, implying that cardiomyocytes differentiation from MSCs is an extremely complicated process and it is necessary to consider the internal and external environmental conditions, such as suitable pharmaceutical inducers, cardiomyocytes microenvironments, inhibition of the negative signaling pathway and so on.
Introduction
Myocardial ischemia due to myocardial infarction (MI) leading to the irreversible loss of cardiomyocytes, which are inevitably supplanted by non-contractile fibrosis scars, is one of the cause of death in the world. Stem cell biology recently provided the therapeutic approaches for replacing the non-functional cardiac tissue by cell transplantation. Uniquely, pluripotent cells such as mesenchymal stem cells (MSCs) are a significant source in regenerative medicine. Bone Electronic supplementary material The online version of this article (doi:10.1007/s10616-013-9605-z) contains supplementary material, which is available to authorized users. marrow-derived MSCs hold the potential to differentiate into the bona fide cardiomyocytes, osteoblasts, or adipocyte lineages. However, despite this breakthrough, most clinical cell transplantation did not get satisfying results. Transplantation of MSCs directly into the MI heart may result in arrhythmia and the therapeutic effect was not evident.
5-Azacytidine is a demethylation pharmaceutical that is widely used to induce MSCs to differentiate into cardiomyocytes, but it is clinically toxic and used as anti-cancer drug. (Xing et al. 2012) . 5-aza is a chemical analogue of cytidine and effective in inducing MSCs to differentiate into cardiomyocytes, but it hardly can be used in the clinics, so it is extremely urgent to find another pharmaceutical to substitute it or to alleviate its toxicity. Recent studies showed that salvianolic acid B (salB), a monomer of salviae miltiorrhizae, has a benign effect on the nervous and cardiovascular systems. salB can reduce brain damage and inflammation after traumatic brain injury, and improve cognitive performance; it also has anti-hyperalgesic function in the treatment of neuropathy pain Isacchi et al. 2011; Chen et al. 2011) .
Besides, it can protect cardiomyocytes from apoptosis and guarantee the integrity of mitochondria and nuclei of cardiac tissue during acute MI (Xu et al. 2011) . Cardiomyocytes lysis medium (CLM), which contains cytokines, growth factors and metabolismrelated proteins, can provide a paracrine microenvironment for triggering cardiomyocyte differentiation from bone marrow MSCs (Schittini et al. 2010) .
Here, we established the non-b-catenin expression MSCs model, investigated the role of 5-aza, salB, and CLM in triggering cardiomyocytes differentiation from non-b-catenin expression MSCs. The results suggested that the non-b-catenin expression MSCs can get a rather higher differentiation rate into cardiomyocytes after treated with the 5-aza combined with salB and CLM.
Materials and methods
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Materials
Low-glucose Dulbecco's Modified Eagle's Medium (L-DMEM), Dulbecco's Modified Eagle's Medium/ F12 (DF12), pancreatic enzyme solution, collagenase II, BrdU and fetal bovine serum (FBS) were purchased from Gibco (Invitrogen, Applied Biosystems, Carlsbad, CA, USA). Amphotericin, 5-azacytidine, and salB were purchased from Sigma-Aldrich (St. Louis, MO, USA). 4 0 6-diamidine-2 0 -phenylindole (DAPI), D-Hank's balanced salt mixture, High Capacity cDNA, Reverse Transcription kits and QPCR Master Mix were purchased from Cwbio (Beijing, China). PEconjugated mouse monoclonal antibodies against rat CD45 and CD34, FITC-conjugated mouse monoclonal antibodies against rat CD29 and CD90 were purchased from BD Biosciences (San Jose, CA, USA). Rabbit anti-rat myosin and vimentin polyclonal antibody, goat anti-rabbit FITC-IgG, goat anti-rabbit rhodamine red-X-conjugated IgG and rabbit anti-rat monoclonal antibody to cTnT were purchased from Abcam (Cambridge, UK); rabbit anti-rat monoclonal antibody to GAPDH, was purchased from Epitomocs (Burlingame, CA, USA). Sh-b-catenin lentivirus was purchased from GeneCopoeia (Guangzhou, China). The target sequence was GTGGTATAGAGGCTC (Cho et al. 2009 ). The interference sequences were as follows: Sense:
Methods
MSCs culturing and lentivirus transduction
The lentivirus we used contained the b-catenin interference sequence as well as the puromycin resistance gene. So it was possible to screen the successfully transduced cells by adding puromycin to the culture medium. MSCs were isolated from the bone marrow of 180-200 g male rats (Wakitani et al. 1995) . The cells were cultured with complete medium (L-DMEM, 10 % FBS, 100 U/mL penicillin, 100 lg/mL streptomycin) at 37°C in a 5 % CO 2 atmosphere. Non-adherent cells (hematopoietic cells) were removed by replacing the medium after 2 days. The MSCs were spindle-shaped. The medium was changed every other day. Transfections were performed when the cells reached 70-80 % confluence. Briefly, the cells were seeded at 24-hole plate and the medium was changed before transfection, 24 h later the medium was replaced with lentivirus-containing medium (the concentration of the lentivirus was 10 lg/mL; 1 lL lentivirus and 8 lg/mL polybrene within complete medium). On the next day, the medium was changed with fresh complete medium. Then the cells were cultured with selection medium which containing 10 lg/mL puromycin until drug resistant clones appeared. The non-b-catenin expression MSCs from the fourth passage were used for all experiments.
Isolate newborn rat cardiomyocytes and prepare CLM
The cardiomyocytes were isolated from neonatal rat heart tissue (Dell'Ovo et al. 2008 ). The 0-2 days neonatal rats were euthanized with CO 2 and sterilized in 75 % alcohol for 3 min. The cardiac tissue was obtained through chest dissection; pericardium/epicardium and endocardium were discarded, and the myocardia (auricle and ventricle) were processed. Cardiac tissue was cut into 1-mm 3 pieces, they were transferred to a 50-ml sterile tube, and washed three times with D-Hank's solution to remove excess blood. Then 5 mL of 0.0625 % pancreatic enzyme solution was added to the tube, and the mixture was placed in a thermostated oscillating incubator at 37°C for 5 min at 190 rpm, and the supernatant was discarded. Then 3 mL of 0.0625 % pancreatic enzyme solution and 3 mL 0.1 % collagenase II solution were added to the pellets. The mixture was placed in the incubator at 37°C for 20 min at 190 rpm, then the supernatant was collected into a new tube, and digestion was terminated via the addition of FBS. This step was repeated three times, until almost no tissue clump remained. The collected supernatant was centrifuged for 8 min at 1,0009g, and the cells were cultured with complete medium (DF12, 20 % FBS, 1 % Brdu) at 37°C in a humid 5 % CO 2 atmosphere. After 24 h, more than 90 % of the cells showed spontaneous contraction under an inverted-phase contrast microscope (DMI3000B, Leica, Wetzlar, Germany). The medium was changed every other day until the cells reached 80 % confluence.
The cardiomyocytes conditioned in the wells were synchronized in the absence of FBS at 37°C for 12 h under a 5 % CO 2 atmosphere. Then the cells were digested with pancreatic enzymes and diluted with L-DMEM at 10 5 cells/ml. The cells were thawed at -80°C for 4 h and then thawed at room temperature. This step was repeated three times to ensure that the cells were fractured. Then the tube was centrifuged at 2,0009g for 10 min. The supernatant was collected and filtered with 0.45-lm filters, then stored at -20°C for later use.
Identification of MSCs
Flow cytometric analysis showed that MSCs expressed CD29, CD90, but not CD45 and CD34 (Wei et al. 2011) . MSCs cultured in wells were harvested by treatment with 0.25 % tyrpsin, and then incubated for 1 h at 4°C with PE-conjugated mouse monoclonal antibodies against rat CD45 and CD34, and with FITC-conjugated mouse monoclonal antibodies against rat CD29 and CD90. Control tubes were incubated with FITC-, PE-conjugated antibodies against rat IgG. The cells were washed with phosphate buffer solution (PBS) three times. Then the cells were analyzed by flow cytometry (BD, San Jose, CA, USA).
Induction method
After the fourth passage, the non-expressing MSCs were divided into eight groups based on different treatment conditions: (1) control group, (2) 5-aza group, (3) salB group, (4) 5-aza ? salB group, (5) CLM group, (6) 5-aza ? CLM group, (7) salB ? CLM group, and (8) 5-aza ? salB ? CLM group. Each group was cultured for 2 weeks. Each group was synchronized (i.e., the medium was changed to L-DMEM) for 24 h, induced by the above mentioned pharmaceuticals for 24 h, then substituted by complete medium. The medium was changed every other day. The 5-aza concentration was 10 lmol/L, the salB concentration was 22 lmol/L, and the ratio of CLM to normal medium was 1:1. Cytotechnology (2014) 66:575-584 577 Immunofluorescence assay detection of myosin and vimentin
Induced non-b-expression MSCs were washed three times with PBS and fixed by incubation for 5 min in 4 % paraformaldehyde. The cells were then permeabilized by incubation for 30 min in 0.5 % Triton 9-100 in PBS and blocked by incubation for 60 min with 5 % normal rabbit serum (Bioss, Beijing, China). Blocked cells were incubated for 1 h at 37°C with rabbit anti-rat myosin and vimentin polyclonal antibody (dilution 1:100) at 4°C overnight. The secondary antibody, goat anti-rabbit FITC-IgG (dilution 1:100) and Goat anti-rabbit rhodamine red-X-conjugated IgG (dilution 1:100), were added to the cells, which were then incubated for 30 min at room temperature. Nuclei were stained by incubation with 4 0 6-diamidine-2 0 -phenylindole (DAPI) for 10 min at room temperature. The cells were washed with PBS for three times after each step, blocked with glycerol, and examined under a fluorescence microscope.
Quantitative real-time PCR detection of the mRNA level Total RNA was extracted from cultured MSCs, which had been induced for 2 weeks, using an RNA kit (Sigma-Aldrich, E.N.Z.A. DNA/RNA/protein isolation kit) according to the manufacturer's instructions. The RNA concentration was determined using a microspectrophotometer device. The primer sequences are shown in Table 1 . We synthesized cDNA from 2 lg of total RNA, according to the manufacturer's instructions. The quantitative reaction was conducted according to the QPCR kit (Cwbio, Beijing, China). The reaction condition was as follows: 95°C 10 min; 95°C 1 s, 60°C 1 min, 40 cycles.
Western blotting detection of the protein expression
Proteins were obtained from adherent cells. Cell lysates were prepared by homogenizing the cells in lysis buffer. Quantification of the protein was conducted using a modified bicinchoninic acid (BCA) assay (Cwbio). Protein samples were prepared by boiling them for 3 min after the addition of the loading buffer (Cwbio). Proteins were then separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 8 or 10 % gel and transferred onto polyvinylidene fluoride (PVDF) membrane by electroblotting. After being blocked in non-fat milk for 1 h, the membranes were incubated at 4°C overnight with the primary antibody (rabbit antirat cTnT and GAPDH). The next day, the membranes were washed and incubated with the goat anti-rabbit horseradish peroxidase-conjugated secondary antibody [purchased from Abcam (Cambridge, UK)] at room temperature for 1 h. Membranes were washed, and protein bands were visualized using an enhanced chemiluminescence kit (Cwbio) under a ChemiDoc imaging system (Bio Rad Laboratories, Berkeley, CA, USA). Membranes were incubated in stripping buffer at room temperature for 30 min, and washed. Then they were re-probed with a second primary antibody (goat anti-rabbit IgG, purchased from Abcam) for additional protein detection.
Statistical analysis
Each experiment was conducted three times. Statistical analyses were performed using one-way analysis of variance (ANOVA). All data are expressed as mean ± SD. Significant difference was considered P \ 0.05. 
Results
Purified MSCs were cultured
Cultured MSCs and cardiomyocytes were identified by a flow cytometer. MSCs were positive for CD90 (M2 = 95.26 %) and CD 29 (M2 = 100 %), but negative for CD45 (M2 = 0.36 %) and CD34 (M2 = 0.92 %) (Fig. 1a-d) .
Knockdown b-catenin in MSCs b-Catenin knockdown was performed by transducing MSCs with lentivirus containing interference shRNA plasmids (Genecopoeia). The sh-b-catenin containing lentivirus transduced MSCs efficiently and the transduction rate was more than 90 %. The fluorescence expression of non-b-catenin expression MSCs was analyzed by fluorescence microscope. Since the lentivirus used contained the b-catenin interference sequences as well as the puromycin resistance gene, the selection of the successfully transduced cells was performed by adding puromycin at 10 lg/mL to the culture medium. Puromycin selected was conducted at the third day after MSCs transfection. Two weeks later we obtained a resistant clone, and the b-catenin expression was investigated by QPCR (Fig. 2) .
Morphological changes
Twenty four hours after seeding, MSCs were spindleshaped (Fig. 3a) . The cardiomyocytes were spindle, triangle or irregular shaped (Fig. 3c ), they were spontaneously beating at a frequency about 30-50/ min (supplementary movie). The MSCs in 5-aza ? salB ? CLM induced group were bigger than the MSCs of the control group and had a triangle or irregular shape (Fig. 3 ).
Myosin and vimentin expression in MSCs and cardiomyocytes
Myosin is involved in the contraction of muscle cells. Vimentin is one of the markers in MSCs. As shown in Fig. 4a -c, vimentin expression was negative in cardiomyocytes and almost 100 % positive in MSCs, while only 25 % positive in 5-aza ? salB ? CLM group. On the contrary, myosin expression was negative in MSCs, and almost 100 % positive in cardiomyocytes, while more than 70 % positive in the 5-aza ? salB ? CLM group (Fig. 4d-f ).
The cardiomyocytes differentiation rate from nonb-catenin expressing MSCs
The non-b-catenin expressing MSCs were induced by 5-aza, salB, 5-aza ? salB, CLM, 5-aza ? salB ? CLM and 5-aza ? salB ? CLM. After 2 weeks, QPCR was conducted to detect mRNA expression of the cTnT, a-actin, b-catenin, b-myosin, and GSK-3b genes. The mRNA expression of cTnT, a-actin and bmyosin in the 5-aza ? salB ? CLM group was almost ninefold higher than in the control group (Figs. 5, 6 ). The expression was almost 2.2-fold, fourfold, 1.5-fold, threefold, and 4.5-fold, respectively, higher for the 5-aza group, for the 5-aza ? salB group, for the CLM group, for the salB ? CLM group, and for the 5-aza ? CLM group than for the control group. The salB group did not show a significant difference compared with the control group (Fig. 5a ).
The expression of b-catenin in the induced groups was much lower than that of the control group (Fig. 5b) . However, the expression of Gsk-3b in the 5-aza ? salB ? CLM group was seven times higher than in the control group. Gsk-3b expression in other induced groups was also higher than in the control group (Fig. 5c) . The protein expression of cTnT exceeded that of the control group in any of the induction groups, and the 5-aza ? salB ? CLM group showed the most significant effect (Figs. 5d, 7) .
Discussion
Mesenchymal stem cells are one kind of pluripotent stem cells which can differentiate into cardiomyocytes, adipocyte, and osteoblast. But the mechanism of MSCs differentiation is variable. Extra cellular inhibitors of BMPs, Wnts, and Nodal are the principal inducers that commit MSCs to a cardiac fate (Mercola et al. 2011) , while MSCs differentiate into osteoblast by activating Wnt/b-catenin signaling (Hamidouche et al. 2008; Qiang et al. 2009 ). Song et al. (2011) reported that activate PKC signaling pathway by phorbol myristate acetate can promote cardiomyocytes differentiation rate from MSCs. Kilian et al. (2010) demonstrated that cell shape has a strong effect on the differentiation of MSCs from bone marrow. Cells in cell culture flask promoting increased contractility led to preferential osteogenesis when MSCs were exposed to a mixture of lineage cues, whereas MSCs cultured in culture flask that promote low contractility preferred to follow an adipocyte lineage. A growing body of evidence proved that wnt/bcatenin signaling pathway plays a negative role in cardiomyocytes differentiation from MSCs. The wnt/ b-catenin signaling promotes cardiogenesis before gastrulation and inhibits heart specification later (Ueno et al. 2007 ). Wnt/b-catenin signaling is activated by wnts interacting with its receptors such as Frizzled, then the disheveled protein negatively regulates glycogen synthase kinase-3b (Gsk-3b), leading to the accumulation of b-catenin in the cytoplasma. The b-catenin is then translocated into nucleus, where it activates the expression of wnt/b-catenin responsive genes. Without wnt signal, b-catenin is phosphorylated by GSK-3b and then undergoes degradation mediated by ubiquitin (Gwak et al. 2006) . Cho et al. (2009) found that glycogen synthase kinase (Gsk)-3b rather than Gsk-3a played the vital role in mediating cardiomyocyte differentiation in bone-marrow derived MSCs. Injection with Gsk-3b-overexpressing bone marrow-derived MSCs attenuates cardiac dysfunction after MI, which means inhibiting the wnt/bcatenin is necessary in the cardiomyocyte differentiation process from MSCs. Blocking the wnt/b-catenin signaling can enhance MSCs engraftment, granulation tissue formation and myocardial repair (Alfaro et al. 2008; Zelarayán et al. 2008) . It is pretty sure that inhibiting wnt/b-catenin signaling pathway is necessary to induce MSCs to differentiate into cardiomyocytes.
We built the non-b-catenin expression MSCs model so as to further study the conditions that effectively induce cardiomyocytes differentiation from MSCs. Significant efforts have been directed to studying the factors that influence the cardiomyocyte differentiation from MSCs. Several studies reported that MSCs treated with 5-aza expressed cardiomyocyte specific markers such as a-atin, sarcomeric bmyosin and troponin-T (Wakitani et al. 1995; Liu et al. 2003) . MSCs can be directly injected into a chronic MI scar, improve ventricular function (Schuleri et al. 2009 ), but it has side effects, such as arrhythmia. While the side effects can be alleviated by pretreated MSCs with neuropeptide Y (NPY) before injecting MSCs into MI heart (Schuleri et al. 2010) .
In our present study, we showed that 5-aza combined with salB and CLM can trigger MSCs into cardiomyocytes at a high rate. After induction by 5-aza ? salB ? CLM, the morphology of MSCs evolved toward that of cardiomyocytes (Fig. 3) . The MSCs became much bigger and irregular. Also vimentin protein expression was reduced while myosin protein expression was enhanced in the 5-aza ? salB ? CLM group when detected by immunofluorescence (Fig. 4) . This means that the induced MSCs gradually acquired the morphological characteristics of cardiomyocytes. The cTnT protein expression in the 5-aza ? salB group was significantly higher than that in the 5-aza and salB groups; cTnT expression was significantly higher in the 5-aza ? salB ? CLM group than in the 5-aza ? CLM and salB ? CLM groups. We can conclude that the induction effect was stronger when 5-aza was combined with salB. 5-aza can induce differentiation while salB can protect the MSCs from poisonous and injurious factors of 5-aza when they were combined together. Although the cTnT expression in the 5-aza ? salB ? CLM group was almost ninefold higher than in the control group, the MSCs did not beat spontaneously. There is much more work to do on inducing MSCs to differentiate into functional beating cardiomyocytes which can be used to replace non-functional cardiomyocytes.
